Synopsis Environmental pressures may vary over the geographic range of a species, exposing subpopulations to divergent functional demands. How does exposure to competing demands shape the morphology of species and influence the divergence of populations? We explored these questions by performing selection experiments on juveniles of the Hawaiian goby Sicyopterus stimpsoni, an amphidromous fish that exhibits morphological differences across portions of its geographic range where different environmental pressures predominate. Juvenile S. stimpsoni face two primary and potentially opposing selective pressures on body shape as they return from the ocean to freshwater streams on islands:
Introduction
Efforts to understand how the morphology of animals relates to variation in the environments where they live have been a prominent focus of many evolutionary, ecological, and functional studies (Webb 1984; Losos 1990; Liem 1993; Wainwright and Reilly 1994; Walker 1997; Domenici 2003; Langerhans et al. 2003; McGuigan et al. 2003; Langerhans 2008; Rivera 2008) . Fishes have served as a critical model in this research because of the wide range of functional studies that have helped to identify correlations between body shape and performance (Webb 1975 (Webb , 1978 (Webb , 1986 Westneat 1994; Drucker and Jensen 1997; Pettersson and Hedenström 2000; Walker 2000; Ferry-Graham et al. 2001; Rosenberger 2001; Wainwright et al. 2002; Walker and Westneat 2002; Lauder et al. 2003; Blake 2004 Blake , 2006 Carroll et al. 2004; Higham et al. 2005; Domenici et al. 2008; Blake et al. 2009 ). These functional studies provide a foundation for predicting how different body shapes should succeed or fail under pressures from different environments, and whether particular morphologies may entail functional tradeoffs, improving performance of some tasks at the expense of others (Ghalambor et al. 2003 (Ghalambor et al. , 2004 Walker 2007; Langerhans 2009a ). Because environmental pressures may vary over the range of a species, subpopulations may be exposed to divergent functional demands. How does exposure to competing demands shape fish morphology and influence divergence of populations? Understanding the potential for functional tradeoffs to contribute to population divergence is significant, because such divergence can be one of the first steps leading to speciation (Schluter 2001; Coyne and Orr 2004) .
The stream gobies of the Hawaiian Islands provide a system that is particularly well suited for examining the roles that varying environmental conditions and resultant functional tradeoffs play in shaping fish morphology because of the distinctive life history of these fishes and the specific pressures exerted by their native habitats. All five native species of gobioid fishes inhabiting Hawaiian streams share an amphidromous life cycle: adults live and lay eggs in freshwater, but when larvae hatch they are swept downstream to the ocean, where they develop for several months before returning to habitats used by adults in island streams (Nishimoto and Fitzsimons 1999; Keith 2003; McDowall 2003 McDowall , 2004 Schoenfuss and Blob 2007) . Evidence indicating that these fishes home to their natal stream is lacking, and population-genetic data have suggested that fish hatched on one island may recruit to other islands (Chubb et al. 1998) . Upon arriving at a stream, however, juvenile gobies returning from the ocean encounter two major, contrasting environmental challenges (Fig. 1) . First, the lower reaches of Hawaiian streams are patrolled by a non-climbing, piscivorous member of the sleeper family, Eleotris sandwicensis (Fitzsimons et al. 1997; Schoenfuss and Blob 2007) . Second, because of the volcanic origin of the islands (Carson and Clague 1995) , Hawaiian streams typically descend from steep mountains and are punctuated by substantial waterfalls. For three goby species (Awaous guamensis, Lentipes concolor, and Sicyopterus stimpsoni), the habitats used by adults are upstream of waterfalls that can be thousands of body lengths high (Fitzsimons and Nishimoto 1995) . Thus, to reach their destination, juveniles of these three species must first avoid being eaten by predators, and then climb up massive falls in the streams. One key to the waterfall-climbing ability of these fish is that, as members of the goby clade, they possess a distinctive ventral sucker formed from the fusion of the pelvic fins (Nishimoto and Fitzsimons 1999; Schoenfuss and Blob 2003) . Moreover, gobies are free from native predators once above the falls, as E. sandwicensis does not climb and no birds or invertebrates are known to exert substantial predatory pressure on fish in upstream habitats of the Hawaiian Islands .
Based on experimental studies of fish performance and hydrodynamic principles, body shapes that should enhance the ability of gobies to evade predators are expected to differ substantially from those that should promote successful climbing of waterfalls. Escape from predators would be aided by increased production of evasive thrust (Walker et al. 2005) , which can be facilitated through increases in the depth of the posterior body and caudal peduncle relative to anterior regions like the head, and increases in the size of median fins (Walker 1997; Domenici et al. 2008) . In contrast, climbing rock surfaces through flowing water should be aided by body shapes that improve adhesion and minimize drag (Blob et al. 2008) . Successful climbers, therefore, might have larger suckers as well as narrower, flatter bodies than those of unsuccessful climbers. This shape of the body would reduce the area exposed to flow (Hoerner 1958; Webb 1989; Vogel 1994; Domenici 2003) and contribute to values of morphological indices (e.g., fineness, lengthening, and flattening ratios) that are closer to optimal values for the reduction of drag in benthic fish (Arnold and Weihs 1978; Webb 1989; Blake 2006) .
In addition to the contrasting demands presented to gobies by predation and climbing, differences in stream habitats across the Hawaiian Islands have the potential to cause one or the other of these pressures to predominate, so that divergent morphological phenotypes might be advantageous on different islands (Blob et al. 2008) . On Kaua'i (the oldest major island), erosion has caused many waterfalls to recede far inland, creating streams with long, meandering stretches extending upstream from the ocean, thereby forcing juvenile gobies to swim through an extended gauntlet of non-climbing predators during their upstream migration ( Fig. 1 ; Fitzsimons et al. 1997; Schoenfuss and Blob 2007; Blob et al. 2008) . In contrast, on the Island of Hawai'i (the youngest island), waterfalls are typically close to shore, subjecting juvenile gobies to the challenge of extreme flow shortly after entering streams, but minimizing exposure to predators ( Fig. 1 ; Fitzsimons et al. 1997; Schoenfuss and Blob 2007; Blob et al. 2008) . Because of this difference in the predominant early selective pressures presented to gobies on each island, body shapes suited to improve evasion of predators might be favored on Kaua'i, whereas body shapes suited to improve climbing performance might be favored on Hawai'i. Differences in body shape among fish from these islands support this prediction: morphometric analyses of adult S. stimpsoni collected in 2005 indicated that, regardless of sex, fish from Kaua'i tended to have tall bodies advantageous for generating evasive thrust, whereas fish from Hawai'i tended to have low, narrow bodies better for reducing drag (Blob et al. 2008) . However, direct comparisons of the potential for the competing selection pressures of predation and climbing to contribute to morphological divergence between subpopulations of stream gobies have not been performed.
To evaluate how competing selection pressures and functional tradeoffs might contribute to divergence in the body shapes of stream gobies across the Hawaiian Islands, we conducted two sets of laboratory-based selection experiments (Garland 2003; Fuller et al. 2005) on juvenile fish to compare how body shape might specifically be influenced by predation by the native fish E. sandwicensis versus climbing an artificial waterfall ($100 body lengths). Because different body shapes are thought to improve performance during evasive swimming versus climbing, we might expect such functional tradeoffs to be reflected by predation and climbing both exhibiting opposite patterns of selection for many morphological traits. In addition, we compared the body shapes of juvenile fish collected on Kaua'i and Hawai'i to assess how selection might be acting in the wild. If juvenile fish, as well as adults, differ in shape across the islands, then selection may have been contributing to divergence of subpopulations over many generations of recruits, and the possibility that divergence in the body shape of adults between islands is strictly a plastic response to the environment (DeWitt et al. 1998; Domenici et al. 2008) seems unlikely. For these analyses, we focused on S. stimpsoni as a model species. Juvenile S. stimpsoni average just over 2 cm in length and ''inch up'' surfaces by alternating advancement of the pelvic sucker and a second, oral sucker associated with the upper jaw Nishimoto and Fitzsimons 1999; Schoenfuss and Blob 2003) . Focus on juvenile S. stimpsoni simplifies expectations for the types of body shapes that minimize drag Fig. 1 Schematic illustration of the life cycle of Sicyopterus stimpsoni on the islands of Hawai'i (top) and Kaua'i (bottom), reproduced from Blob et al. (2008) . Adults live upstream (left side of figure) on both islands. Larvae hatching from eggs (circles) are swept by stream currents to the ocean (right side of figure) . Juveniles returning to freshwater and migrating upstream encounter predatory, non-climbing Eleotris sandwicensis before reaching waterfalls in the streams. The inland erosion of waterfalls on Kaua'i extends the exposure of juvenile S. stimpsoni to predators for up to 3 weeks (time scale at bottom of figure), whereas near-shore waterfalls on Hawai'i shorten the range of juveniles 0 exposure to predators to $3 days (time scale at top of figure) but place an early premium on waterfall-climbing performance. (Walker et al. 2010) , because its mode of climbing involves almost no lateral bending of the body axis for propulsion (Schoenfuss and Blob 2003; Blob et al. 2007 ). In addition, because previous studies by our group had established that adult S. stimpsoni from Kaua'i and Hawai'i differ in body shape, and had measured morphological selection imposed on juvenile S. stimpsoni by the demands of climbing (Blob et al. 2008 (Blob et al. , 2009 , focus on the same species for our new analyses of morphological divergence among juveniles and selection imposed by predators could build from a substantial context in evaluating the influence of selection and tradeoffs in the evolution of body shape in Hawaiian waterfall-climbing gobies.
Materials and methods

Evaluation of selection imposed on gobies by predators
Juvenile S. stimpsoni for both sets of selection experiments (predation and climbing) were collected with dip nets from the lower reaches of Hakalau stream on the Island of Hawai'i, downstream from a 1-m vertical concrete embankment (same location as used by Schoenfuss and Blob 2003; Blob et al. 2006) . Transparency of the fish indicated all were fresh recruits into the stream Blob 2003, Blob et al. 2006) , limiting previous in-stream exposure to selective pressures. Fish were transferred in stream water to laboratory facilities (provided by the Department of Land and Natural Resources, Division of Aquatic Resources in Hilo, Hawai'i) within 2 h of capture.
Experiments on predation were performed in 2007 following protocols based on those described by Swain (1992) . To help ensure that all fish in our sample were similar in developmental stage, collections for each predation trial were limited to the number of fish we could collect in a single day, and Swain's (1992) protocols were modified accordingly. Each stock group of gobies collected for a predation trial was divided into ''treatment'' and ''control'' groups by drawing batches of juveniles from a stock tank with a dip net and alternately distributing these fish to separate treatment and control tanks (400-l cattle tanks half filled with aerated stream water). Dip-net withdrawals for treatment tanks contained twice as many fish ($20) as those for control tanks ($10), and the distribution of fish to tanks was repeated until each treatment tank approached a target of 100 fish and each control tank approached a target of 50 fish. This protocol helped to ensure that only chance differences should exist between fish in treatment and control groups, even if dip-net withdrawal is selective (Swain 1992) . After distribution, juvenile gobies were allowed to acclimate for 1 day before 10 predatory E. sandwicensis (which had been starved for the prior 24 h) were added to the treatment tank. Experiments were run until approximately one-half of the juvenile S. stimpsoni in the treatment tank were eaten, which was consistently close to 36 h across all trials. At this point, predators were removed from the tanks and all remaining gobies ($50 survivors and 50 controls) were collected and preserved in 40% ethanol. Each fish was digitally photographed in lateral and ventral views and weighed to the closest 0.01 g. Linear measurements of anatomical variables (Fig. 2) hypothesized to be relevant to locomotor performance during either evasion of predators or climbing waterfalls (Blob et al. 2008) were obtained using NIH Image 1.62 or Image J v1.41.
The consumption of juvenile gobies by the predators forced us to make our comparisons for predation trials between surviving fish and control fish that had not been exposed to selection, rather than between surviving fish and fish that failed under selection. To accommodate this design, we evaluated the direction and strength of directional selection on morphological traits following the procedures outlined by Lande and Arnold (1983) for cross-sectional data. Prior to analysis, fish with a body condition index (BCI ¼ body length 3 /body mass)4AE2 SD from their population mean were excluded, and all variables for remaining fish were standardized for body size using the transformation [ln(variable) À ln(total length)] (Mosimann and James 1979) . Newly recruited S. stimpsoni show a very limited range of body lengths, minimizing any potential effects of differences in allometric growth on our analyses (Blob et al. 2008) . Because the rather small sample sizes we had available for individual predation trials limited our ability to detect significant results (Kingsolver et al. 2001) , we focused our analyses of selection imposed by predation on data pooled across all five trials, thereby providing a total of 228 survivors of predation and 167 control fish.
We evaluated the significance of both direct and indirect directional selection by calculating and comparing two parameters: the selection differential and the selection gradient. Selection differentials (s) represent change in a character's mean due to both direct and indirect directional selection, and were calculated for each character as the difference between the mean value for surviving fish and the mean value for all fish in the trial; each value of s was then divided by the standard deviation of the character to produce the standardized parameter s 0 (Lande and Arnold 1983) . Assigning surviving fish a fitness (W) of 1 and control fish a W of 0, we transformed W to relative fitness (w) by dividing W by mean population fitness, and then tested the significance of s 0 values with Spearman rank correlations of relative fitness with transformed values for each character. Directional selection gradients () indicate the strength of only direct directional selection on each character, and standardized gradients ( 0 ) were calculated from the product P À1 s 0 , where P is the phenotypic variance-covariance matrix calculated from standardized measurements of control fish (representing the pre-selection or ''young cohort'' indicated by Lande and Arnold [1983] ). Standard errors and significance tests for the gradients were performed by bootstrap methods (Efron and Gong 1983) . This procedure used 1000 replicate samples from the data set to create an empirical sampling distribution of gradient values, and standard errors and significance tests were developed from this distribution. All gradient and Spearman rank analyses were conducted in SAS (Cary, NC, USA, Version 9.1).
To complement our analyses of linear measurements, we also evaluated selection on functional ratios associated with hydrodynamic performance, including fineness ratio (length/maximum height), flattening ratio (maximum width/maximum height), and lengthening ratio (length from rostrum to location of maximum height/length) (Arnold and Weihs 1978; Webb 1989; Blake 2006) . Because these ratios are based on combinations of the linear morphological variables under study, they could not be included in calculations of selection gradients with the variables from which they were derived. However, we did calculate s 0 for these three ratios between survivors of predation and control fish, and used Spearman rank correlations to test if selection by predators favored taller bodies that could increase thrust, rather than values closer to optima for reduction of drag (10 for fineness ratio, 2 for flattening ratio, 0.3 for lengthening ratio [Blake 2006] ).
Evaluation of selection imposed on gobies by waterfalls
Experiments to evaluate selection imposed on the morphology of juvenile S. stimpsoni by the demands of waterfall climbing were conducted in 2006; details of our procedures and results were reported previously (Blob et al. 2008) , with the results corrected in a subsequent report (Blob et al. 2009 ). Two different experimental setups were implemented in our original study of selection related to climbing, but for comparison to selection parameters calculated for predation we considered only the results from experiments conducted on the longer of two climbing arenas in which fish were tested in groups of 20, thereby better simulating the tendency of juvenile S. stimpsoni to climb in large groups (Nishimoto and Fitzsimons 1999) . To summarize these experiments, groups of juveniles were introduced into a basin containing stream water and challenged with a 240-cm climbing chute extending at $708 from the horizontal. A siphon directed acclimated stream water down the chute at a rate of $200 ml min À1 and a depth of 1-1.5 mm, stimulating the positively rheotactic fish to climb. Climbing performance was evaluated as either ''success'' for fish reaching the top of a chute, or ''failure'' for fish that failed to climb or that attempted climbing but failed to reach the top. Fish were collected upon completion of trials, preserved in 40% ethanol, and photographed and measured as described for predation trials.
Because individual fish could be distinguished as successful or failed, the strength of directional selection imposed on each morphological character by climbing was evaluated using procedures outlined by Lande and Arnold (1983) for longitudinal data. Procedures for the exclusion of outliers (leaving a Note that standard length also was measured to enable standardization of other linear variables, and that tail length was included as a variable only in analyses comparing the morphology of fish from Kaua'i versus Hawai'i (not selection analyses). 1, Head height; 2, Basal length of pectoral fin; 3, Height at midbody; 4, Height of caudal peduncle; 5, Basal length of first dorsal fin; 6, Basal length of second dorsal fin; 7, Basal length of anal fin; 8, Head length; 9, Trunk length; 10, Head width; 11, Trunk width; 12, Width of the body at the location of the anal pore; 13, Length of the margin of the pectoral fin; 14, Sucker width; 15, Sucker length; 16, Tail length.
sample of 224 fish), standardization of measurements for differences in body size, and calculation of s 0 (for hydrodynamic ratios as well as linear measurements) were the same as those used in the study of predation. For the assessment of fitness, successful climbers were assigned an absolute fitness (W) of 1 and unsuccessful climbers a W of 0, with all-or-nothing designations reflecting an assumption that partial ascension of a waterfall still indicates failure to reach the habitat of reproductive adults. To calculate directional selection gradients (), we followed the modifications of Lande and Arnold's (1983) methods recommended by Janzen and Stern (1998) and calculated a selection gradient vector ( avggrad ) from logistic multiple regression of relative fitness on all characters. Logistic regressions and Spearman rank correlations were calculated using SAS (Cary, NC, USA, Version 9.1).
Comparisons between selection imposed by predators and waterfalls and the evaluation of functional tradeoffs
We conducted several comparisons of the selection imposed by predation and waterfalls. First, for each variable, the signs and significance of s 0 and were compared between selection regimes . This allowed us to evaluate whether patterns of selection were direct or indirect, matched a priori expectations based on functional principles, and were opposing (i.e., different in sign) between regimes, similar (i.e., same sign) between regimes, or simply different (i.e., significant in one regime but not the other).
In addition, we more formally evaluated the nature of tradeoffs between the demands of avoidance of predators and climbing, using two approaches. First, we used our vectors of selection gradients for each regime to represent performance gradients (i.e., coefficients of partial regressions of morphology on functional performance, rather than on fitness) (Arnold 1983 ) and then constructed an F matrix showing the relationships between morphology and performance (Ghalambor et al. 2003; Walker 2007) , in which predation gradients for all 16 morphological variables were in the first column, and climbing gradients for all 16 variables were in the second column. There are complications with this approach to F-matrix construction: for instance, our measure of performance in predation trials was simply survival, rather than a variable such as maximal fast start acceleration (Walker et al. 2005 ) that might mediate the relationship between morphology and survival (Arnold 1983) , which is commonly considered a measure of fitness (Langerhans 2009b) . Nonetheless, because both the ascension of a waterfall and the escape from a predator also could be considered a type of performance, we felt our simplification of the morphology-performance-fitness relationship (Arnold 1983 ) was appropriate to facilitate exploration of potential tradeoffs between the primary functional pressures in our system. After constructing F, we calculated the matrix F T F, allowing us to evaluate if there was a net tradeoff (negative off diagonals) or facilitation (positive off diagonals) between the functions of predator evasion and waterfall climbing (Ghalambor et al. 2003; Walker 2007) . Further multiplication of F T F by a column vector of ones produced the vector c, which provided ranks of the relative constraints on the evolution of predator evasion and climbing performance in S. stimpsoni (Ghalambor et al. 2003) . In a complementary analysis, we also calculated the correlation (r) between the selection coefficients for predation and climbing to further assess the nature of the relationship between these functional pressures.
Morphometric comparisons of juvenile S. stimpsoni from Kaua'i and Hawai'i
Evaluations of morphological differentiation between juvenile S. stimpsoni recruiting to Kaua'i versus Hawai'i were performed using new collections made during February and March 2009. Fish were collected by dip nets near the mouths of streams on both islands (Waimea and Wailua on Kaua'i, Hakalau and Honoli'i/Maili on Hawai'i) before major exposure to predators or waterfalls had occurred. Fish were anesthetized with MS-222 and photographed in lateral and ventral views to allow the measurement of linear anatomical variables (Fig. 2) using Image J v1.41. Measurements were transformed and standardized for differences in body length as in the morphometric analyses for studies of selection. Morphological distinction of fish between the two islands was evaluated using principal components (PCs) analysis (based on the covariance matrix) (Neff and Marcus 1980) performed in JMP v.8.0.1 for Macintosh (SAS Institute, Cary, NC, USA).
Results
Selection imposed by predation on juvenile S. stimpsoni Juvenile S. stimpsoni that survived predation by E. sandwicensis differed significantly in morphology from fish from control tanks. Of the 16 variables, 11 we evaluated showed significant s 0 values, but of those 11 only 1, sucker length, was significantly smaller in survivors (Table 1 ). The remaining 10 variables were significantly larger in survivors of predation, and included several (e.g., mid-body height, caudal peduncle height, sizes of the dorsal and anal fins) that reflected greater depth and lateral area of the body, matching our expectations for features in which larger size would be predicted to improve the ability of fish to generate thrust and evade predators (Walker 1997; Domenici et al. 2008) . The greater values of trunk width and anal width measurements among survivors compared to controls (Table 1 ) might reflect greater propulsive musculature or better body condition that could also aid in escape from predators, but the higher values of features such as head length and trunk length among survivors do not clearly follow hydrodynamic predictions. In addition to linear variables, all three hydrodynamic ratios showed s 0 values indicating a significant difference between control fish and those surviving predation (Table 2 ). Both fineness ratio and flattening ratio were significantly smaller among survivors of predation (Table 2) , but because the height of the body is in the denominator of both of these indices, this comparison indicates that surviving fish actually have taller bodies than do controls, as would be expected to improve generation of evasive thrust (Walker 1997; Domenici et al. 2008 ).
Lengthening ratio was significantly greater (Table 2) and closer to the optimum value for minimizing drag (Blake 2006 ) among survivors of predation versus control fish, potentially reducing drag without compromising production of thrust for surviving S. stimpsoni.
Selection gradients for the predation experiment were less uniform in pattern than were selection differentials (Table 1) . Eight of the 16 variables showed significant gradients: 4 were positive and indicated direct directional selection for larger values (length of the base of the pectoral fin, height of the caudal peduncle, and widths of the sucker and the body at the location of the anal pore), and 4 were negative and indicated direct directional selection for smaller values (width of the head, lengths of the second dorsal fin and sucker, and body mass). The gradient for body mass in particular had a large (Kingsolver et al. 2001 ) negative magnitude (À0.519 AE 0.118), indicating a strong tendency of predatory E. sandwicensis to eat heavier juvenile gobies.
Comparisons of selection differentials with selection gradients reveal complexities in the pattern of selection imposed on juvenile S. stimpsoni by predators. For example, of the two primary body features for which greater height was predicted to improve production of thrust and which exhibited positive differentials (height at mid-body and height of the 
Performance tradeoffs in Hawaiian gobies
caudal peduncle), only caudal peduncle height also showed a significant positive selection gradient (Table 1 ). This indicates that of these two traits only the height of the caudal peduncle is under direct directional selection, and that the response of mid-body height to selection by predators must be an indirect effect due to selection on other traits. Moreover, with the large selection gradient favoring smaller body mass in juvenile S. stimpsoni, it might be expected that many other traits, even those with positive 0 values (indicating direct selection favoring larger size), might show negative s 0 values indicating smaller size among survivors of predation due to indirect selection correlated with the negative selection observed for body mass. Instead, three of four traits that showed significant positive selection gradients also showed significant positive differentials (length of the base of the pectoral fin, height of the caudal peduncle, and width of the body at the location of the anal pore), indicating direct directional selection for larger size despite negative selection on body mass. In addition, seven other traits (height at mid-body; lengths of the bases of the first and second dorsal fins and anal fin; length of the head; and length and width of the trunk) showed significant positive s 0 values either without significant 0 values or, for basal length of the second dorsal fin, despite a significant ''negative'' selection gradient. These patterns of indirect directional selection indicate that the potential for smaller sizes of these structures to be favored due to correlated selection for smaller body mass was superseded by selection on other correlated characters favoring larger size. In fact, even the very large negative selection gradient for body mass was masked by indirect selection, as the s 0 value for body mass was not significant. In other words, there was no difference in body mass between survivors and controls, even though body mass was the trait under the greatest direct selection in the entire experiment.
Comparisons between selection patterns imposed by predation and by climbing: evaluation of tradeoffs
Although the difference in body shapes expected to optimize predator evasion versus climbing performance had led us to predict that many traits would show opposing patterns of selection (i.e., opposite in sign) between these two regimes, this was true for very few of the linear variables (Table 1) . Only one trait, width of the body at the location of the anal pore, showed a significant positive differential and gradient for predation, but a significant negative differential and gradient for climbing (directions consistent with functional expectations). A second trait, height at mid-body, showed a significant positive differential under predation and a significant negative differential under climbing-also consistent with functional expectations-but because gradients were not significant for mid-body height under either regime, these patterns must have resulted from indirect selection (Table 1) .
Much more common than opposing patterns of selection between predation and climbing were instances in which selection for a trait was significant under one functional demand, but not the other. This was true for seven traits, of which four (basal length of first dorsal fin, head length, trunk length, and head width) showed only a significant differential or gradient, but not both, under one regime (Table 1) . Of the remaining three traits, height of the caudal peduncle showed a significant positive differential and gradient under predation (matching functional expectations), head height showed a significant positive differential and gradient under climbing, and the length of the margin of the pectoral fin showed a significant negative differential and gradient under climbing. Somewhat surprisingly, also more common than opposing patterns of selection were instances in which significant selection on a trait was imposed in the same direction under both regimes. This occurred for five traits (body mass, basal length of the anal fin, width and length of the sucker, and basal length of the pectoral fin), of which the latter three showed significant gradients (i.e., direct selection) under both predation and climbing (Table 1) . Thus, both predation and climbing favored juveniles with wider, shorter suckers and longer bases of the pectoral fins. Because patterns of selection for individual linear variables under both predation and climbing are complicated (Table 1) , it is difficult to evaluate their correspondence with expectations based on functional assessments of the body shapes best suited to successfully navigate these pressures. However, the responses of hydrodynamic ratios to selection imposed by both climbing and predation show a prominent contrast, consistent with the expected demands of these functions. Of the three hydrodynamic ratios compared, only fineness ratio showed a significant differential under climbing (Table 2 ). This differential was positive, indicating greater body length for a given height in successful climbers and a closer approach to the optimum value for reducing drag in benthic fish (Blake 2006) . It also directly opposes selection patterns for fineness ratio under predation, in which negative differentials reflected lower values for survivors (taller bodies better for generating evasive thrust) ( Table 2) .
Assessment of the tradeoffs between the functional demands of predation and of waterfall climbing in S. stimpsoni led to calculation of the suggests that the evolution of predator-evasion performance, with the greater value, is less resisted than that of climbing performance. However, while calculation of the correlation (r) between the performance gradients for predator evasion and for climbing shows a negative value (À0.177), the slope of this relationship (Fig. 3) is not significant (P ¼ 0.512).
Morphometric comparisons among juvenile S. stimpsoni from Kaua'i and Hawai'i MANOVA of the 16 original morphological variables (Fig. 2) ANOVAs conducted on single PCs indicated significant differences between fish from Kaua'i and those from Hawai'i for two of the PCs (Fig. 4) : PC1, accounting for 23.2% of sample variation (F ¼ 651.633, P50.001), and PC3, accounting for 10.5% of sample variation (F ¼ 46.037, P50.001). On PC1 fish from Hawai'i tended to have positive scores (mean AE SE ¼ 1.496 AE 0.080) whereas fish from Kaua'i tended to have negative scores (mean AE SE ¼ À1.180 AE 0.068), but on PC3 this pattern was reversed (Kaua'i mean AE SE ¼ 0.282 AE 0.068; Hawai'i mean AE SE ¼ À0.358 AE 0.062). The difference in mean PC score between fish from the two islands is smaller for PC3 than for PC1, but one factor contributing to this pattern is a group of about 30 fish from Kaua'i ($7% of the sample) with high-negative scores on PC3 that plot outside the main cluster for this island (Fig. 4) . PC loadings (Table 3) indicate that all of the original morphometric variables measured from juvenile S. stimpsoni were significantly correlated with PC1, but that large measurements of width and length of the sucker, and height and width of the head, have the strongest correlations with high-positive PC1 scores (i.e., fish from Hawai'i), whereas large measurements of height at mid-body and width of the body at the location of the anal pore had the strongest correlations with high-negative PC1 scores (i.e., fish from Kaua'i). For PC3, large measurements of the length of the bases of the dorsal and anal fins, length of the margin of the pectoral fin, height at mid-body, height of the caudal peduncle, and width of the body at the location of the anal pore had the strongest correlations with high-positive scores (i.e., fish from Kaua'i), whereas large measurements of basal length of the pectoral fin, length and width of the sucker, and length of the trunk had the strongest correlations with high-negative scores (i.e., fish from Hawai'i).
Discussion
Correspondence of results from selection experiments with functional expectations, and tradeoffs between the evasion of predators and the climbing of waterfalls Juvenile S. stimpsoni re-entering freshwater streams face two primary functional pressures: evading predators and scaling waterfalls. Based on empirical data and models of fish locomotor performance, these two pressures were expected to entail functional tradeoffs, such that their demands would be best met by contrasting body shapes. While the evasion of predators was expected to be aided by taller bodies and larger median fins that improve production of thrust (Walker 1997; Domenici et al. 2008) , successful climbing of waterfalls was expected to be aided by body shapes with lower profiles that minimize drag, and larger suckers that improve adhesion (Blob et al. 2008) . How closely do the body shapes favored in our selection experiments match these functional expectations?
Although patterns of selection for both evasion of predators and climbing are complicated, for many traits there was close correspondence in at least one selection regime between the direction of selection and the body shape that would be expected to improve performance under that regime. For example, in spite of strong countervailing pressure for smaller body mass, predation still imposed direct directional selection for taller caudal peduncles and indirect directional selection for a taller mid-body and larger median fins in survivors (Table 1) , all features expected to improve generation of evasive thrust (Walker 1997) . With regard to climbing, direct directional selection favored wider suckers in successful climbers that would improve adhesion, and direct (for width of the body at the location of the anal pore) or indirect (for trunk width and for height at mid-body) directional selection favored Fig. 4 Bivariate plot of PC1 versus PC3 for juvenile S. stimpsoni from Hawai'i (black circles) versus those from Kaua'i (grey triangles). The primary original variables contributing to dispersion along each axis are labeled (Table 3) . lower, narrower bodies that would be expected to reduce drag (Table 1; Blob et al. 2009 ). Direct directional selection for shorter lengths of the margins of the pectoral fins is also consistent with fin shapes previously reported for fish in high flow (Peres-Neto and Magnan 2004) , although this result is somewhat surprising because these fins are folded against the body when juvenile S. stimpsoni climb (Schoenfuss and Blob 2003) and would have been expected to contribute little additional drag that might be selected against. Selection for hydrodynamic ratios also showed good correspondence with functional expectations. Successful climbers had fineness ratios closer to the optimal value for low drag (Blake 2006) than did unsuccessful climbers (Table 2 ; Blob et al. 2008) , and survivors of predation showed fineness and flattening ratios that reflected taller bodies than those of control fish, potentially aiding production of evasive thrust, as well as lengthening ratios closer to the optimum than those of control fish, potentially reducing drag with limited reduction of thrust (Table 2) . Although some results from selection experiments ran counter to functional expectations (e.g., larger heads among successful climbers) ( Table 1 ; Blob et al. 2009 ), and other significant results were difficult to interpret in a functional context (e.g., direct directional selection for larger bases to the anal fin in climbing, which might provide increased friction against backsliding), such exceptions were generally more common for the climbing experiment, and overall correspondence between the results of selection trials and the body shapes that would be expected to improve performance was good.
The calculation of selection differentials and gradients for both evasion of predators and for scaling waterfalls provided an opportunity to assess the extent of functional tradeoff between the demands posed by these pressures. It is striking that despite hydrodynamic predictions that optimal shapes for these functions should run counter to each other, very few variables (2 of 16 linear variables and 1 of 3 ratio variables) showed completely opposing patterns of selection (i.e., s 0 and/or opposite in sign) between predation and climbing. More variables (5 of 16 linear) actually showed selection in the same direction across both predation and climbing trials, suggesting that the evolution of some traits (e.g., body mass) may be constrained by selection (Wilson et al. 2003) . However, the most common pattern was for selection to be significant under one regime, but not the other (7 of 16 linear traits and 2 of 3 ratio variables). In the context of these results, negative values of off diagonals of the F T F matrix (Ghalambor et al. 2003; Walker 2007 ) calculated from gradients for evading predators and for climbing waterfalls still supported the prediction of a functional tradeoff between these demands. However, the weak correlation between the gradients calculated for each of these selection pressures (Fig. 3) suggests that this tradeoff might not be as strong as initially predicted, potentially reflecting a complex, high-dimensional adaptive landscape for S. stimpsoni (Conrad 1990; Gavrilets 1999; Pigliucci 2008) .
The significance of selection in the morphological divergence of subpopulations of Hawaiian stream gobies Differences in stream characteristics between Kaua'i and Hawai'i (Blob et al. 2008) suggest that juvenile S. stimpsoni re-entering freshwater streams should experience geographic variation in the two primary functional pressures they face during migration upstream, with the demand to avoid predators preeminent on Kaua'i, and the demands of climbing waterfalls greater on Hawai'i. Differences in body shape between adult S. stimpsoni from these islands were well suited to meet the functional demands believed to be primary on each island (Blob et al. 2008) , raising the possibility that the differing selective regimes on each island could be promoting morphological divergence of these subpopulations.
Comparisons of the morphology of juvenile S. stimpsoni recruiting to Kaua'i and Hawai'i support this possibility. We have not ruled out phenotypic plasticity (DeWitt et al. 1998; Domenici et al. 2008) as a factor contributing to divergence in body shape among adult S. stimpsoni subpopulations between islands; in fact, it may contribute to some of the disparity among islands in the difference in shape between juveniles and adults (e.g., heads are larger for fish from Hawai'i among juveniles, but larger for fish from Kaua'i among adults [Fig. 4 , Table 3 ] [Blob et al. 2008] ). However, the finding that juvenile S. stimpsoni differ significantly in shape upon reaching the island to which they recruit, before they are exposed to substantial selection in the stream, indicates that selection may have been contributing to the divergence of subpopulations over many generations of recruits, and that divergence in the body shapes of adults between islands is probably not a strictly plastic response. Such patterns of divergence between juveniles from different subpopulations could result if pelagic goby larvae are entrained near their source island (Taylor and Hellberg 1996) more than previous population genetic data have suggested (Fitzsimons et al. 1990; Zink et al. 1996; Chubb et al. 1998 ). In addition, differences in several aspects of body shape between S. stimpsoni from Kaua'i and Hawai'i match well between juveniles and adults and correspond to the different functional demands posed by each island (e.g., taller bodies in fish from Kaua'i, lower bodies in fish from Hawai'i) (Table 3 ; Blob et al. 2008) . These patterns are consistent with the differing selective regimes on each island.
Further support for geographic variation in selection regimes that contributes to divergence in S. stimpsoni comes from consistency between the results of selection experiments and the patterns of divergence in body shape observed between juvenile fish from Kaua'i and those from Hawai'i. For example, height at mid-body and width of the body at the location of the anal pore both experience positive directional selection under predation, but negative directional selection under climbing (Table 1) . Greater mid-body heights and wider bodies at the anal region are also the two highest scoring variables on PC1 and among the top variables on PC3 characterizing juvenile S. stimpsoni from Kaua'i (Table 3 , Fig. 4) , the island where selection by predators is likely of greatest prominence (Blob et al. 2008 ).
Head height also shows an interesting correspondence between the results of selection trials and the morphological differentiation of juveniles between islands. Contrary to adults (Blob et al. 2008) , in juvenile S. stimpsoni head height (the third highest positive loading trait on PC1) is typically greater among fish from Hawai'i. Because production of thrust is enhanced by increased height of the posterior regions of the body relative to anterior regions (Walker 1997; Domenici 2003; Langerhans 2009b) , it might be expected that the difference in head height between juvenile S. stimpsoni from Kaua'i and those from Hawai'i could have resulted from negative selection on head height during predation. However, our selection experiments indicate no significant selection on head height by predators; instead, we found significant ''positive'' selection on head height imposed by climbing (Table 1) . Not only was this result somewhat surprising based on our hydrodynamic expectations (Blob et al. 2008 (Blob et al. , 2009 ), but it shows how complementary selection experiments can clarify the factors contributing to morphological differentiation in populations.
Future directions
One possible factor contributing to some differences we observed in patterns of selection versus the morphological differentiation seen across natural subpopulations of S. stimpsoni is the severity of selection we imposed. Although our failure rates in the predation and climbing experiments were $50% and $30%, respectively, the proportion of S. stimpsoni that fail to reproduce in nature is almost certainly much greater-for example, our own conservative estimate of rates of failure during the climbing of waterfalls in the wild was at least 90% (Blob et al. 2008) . When subjected to the pressures of both climbing and predation, it is possible that only exceptional fish survive (Blob et al. 2006) . Future experiments could evaluate whether similar patterns of selection emerge under more stringent failure rates, and what morphologies would emerge as successful if the pressures of predation and climbing were applied sequentially to the same animals, as they are in nature. Although we have focused on isolating the effects of selection imposed by predation or climbing, experiments subjecting survivors of predation to climbing trials could explore the interactions of these pressures in shaping the morphology of S. stimpsoni.
The group of roughly 30 juvenile S. stimpsoni from Kaua'i that plot outside the main cluster of fish from this island in our PCA of morphometric variables (Fig. 4) suggest an intriguing possibility, potentially representing individuals that recruited to Kaua'i from other source islands, with morphology suited for different environmental conditions. Although these fish plot with the Kaua'i cluster along PC1, and with the Hawai'i cluster along PC3, they show the most extreme scores along both axes and, thus, do not exhibit clearly intermediate traits that might point toward an origin from one of the islands in the Hawaiian archipelago between Kaua'i and Hawai'i. Genetic comparisons of these individuals to fish from both of the islands in our sample, as well as the intervening islands, could resolve the likely source of these juveniles and help determine the extent to which morphological variation of fish within and between subpopulations is correlated with migration and gene flow.
An interesting result emerging from our analyses of functional tradeoffs was that the evolution of climbing performance appears to be more constrained than that of predator evasion. One factor potentially contributing to that result is that our selection trials were all conducted on fish from Hawai'i, the island where climbing performance is expected to be at a premium. If entrainment of oceanic larvae to their source island is more common than previously predicted (Zink et al. 1996 , Chubb et al. 1998 , then juvenile S. stimpsoni from Hawai'i may be derived from adults that have already been subjected to intense selection on climbing performance, leaving less opportunity for further change in response to selection, compared to potential responses to selection on other functions, such as evasion of predators. This possibility could be tested by conducting comparable selection trials on juvenile S. stimpsoni from other Hawaiian Islands, particularly Kaua'i, to evaluate whether the resistance of a specific functional attribute to evolutionary change varies depending on the primary pressure to which the population is exposed. Such population-level comparisons could be broadened to a wide range of other goby species, many of which are able to climb waterfalls on other volcanic island groups, ranging from the Caribbean to the Indian Ocean (Keith 2003; McDowall 2004; Maie et al. 2007) . Such comparisons of the effects of similar selective pressures across a range of species are uncommon Irschick et al. 2007 ), but through the use of tools such as the selection experiments implemented in this study, they could provide substantial insight into the factors that link environmental variation with evolutionary divergence in the body form of fishes. 
